and inkjet-printed flexible electronics, sensor and power management (PMU) nodes fabricated on paper, plastic and other polymer substrates are introduced as a sustainable ultra-low-cost solution for the first paradigms of Internet of Things (IoT), "Smart Skins" and "ZeroPower" applications. The paper will cover examples from the state-of-the-art of fully integrated wireless sensor modules on paper or flexible polymers. We will demonstrate numerous 3D multilayer paper-based and LCP-based RF/Microwave Structures that include embedded energy harvesters and PMU's, that could potentially set the foundation for the truly convergent batteryless wireless Internet-of-Things networks of the future with enhanced cognitive intelligence and "zero-power" operability through ambient energy harvesting. Examples from wearable (e.g.biomonitoring) antennas and RF modules will be reported, as well as the first integration of inkjet-printed nanotechnology-based (e.g.CNT, graphene) sensors on paper and organic substrates. The talk will close with a discussion about the challenges for inkjet-printed high-complexity modules as future directions in the area of environmentally-friendly ("green") RF electronics and "smart house" conformal IoT topologies.
INTRODUCTION THE LATE COMBINATION OF SENSOR networks and RFID technologies have spurred numerous applications from logistics and Internet-of-Things to monitoring and security, all of which require a capability for large volume circuit production as well as the use of low cost fabrication methods on environmentally-friendly and low cost, flexible substrates, while energy autonomy is critical for operability in rugged environments and materials [1] .
As a result, implementations of flexible passive microwave circuit components such as antennas, inductors, and transformers utilizing substrates such as paper, polyethylene terephthalate (PET) and textiles are receiving significant attention in the literature. Inkjet printing fabrication process, permits large-volume production and by allowing a resolution below of approximately 50um, has emerged as a popular alternative to traditional circuit board fabrication techniques, such as chemical etching and milling, finding increasing applicability in the electronics and sensors industries [1] - [3] .
The possibility of the inkjet printing of a complete SystemOn-Substrate (SoS), based on multilayer flexible substrate modules and inkjet deposition of active devices remains a challenge, especially when it comes to operating at microwave frequencies. While inkjet printing of semiconducting polymers to develop organic thin film transistors (OTFTs) is still far from operation in the GHz frequency range, integration of offthe-shelf active electronic components onto flexible substrates provides an exciting alternative. The realization and integration design of active topologies, circuits and sensors on flexible substrates, combined with passive interconnects, transmission lines and antennas presents a significant challenge with few notable examples in the literature [1] - [4] and presents the object of this work.
This paper presents state-of-the-art results of inkjet-printed wireless sensors on paper verifying their great potential in terms of environmentally friendly and sustainable technology.
II. INKJET PRINTING AND PAPER SUBSTRATE
Inkjet printing technology has a lot of advantages in sensors especially for the agricultural applications. First of all, inkjet printing technology is an environmentally friendly and cost effective method due to the fact that it does not require the use of any hazardous chemicals to wash away unwanted metals on the substrate surface. It drops nano-particle ink on the desired positions so that there are no by-products because it is an additive fabrication method. Fast fabrication and ease of mass produce also help to lower the cost of the inkjet-printed electronics. The conductivity of the inkjet-printed silver nanoparticle is typically above 7 10 1 . 1 × S/m which is high enough to utilize in microwave area. Electronics can be printed on virtually every substrate through surface functionalization including paper, plastics, glass, silicon wafers, wood and fabrics.
III. INKJET-PRINTED WIRELESS SENSORS

A. RFID-enabled Sensors
RFID-enabled sensors feature numrous advantages over conventional sensor system in terms of cost and implementation. Usually, the cost of RFID tag is very cheap and the system is simple (reader and sensor tag). Therefore it is possible to realize the RFID-enabled sensor system in low cost and over the vast agricultural field. In addition, RFID standards are compatible with existing wireless sensor networks (WSN) which results in ease of implementation [5] . In [6] , inkjet-printed RFID enabled sensor for touching and water level detection was introduced. it consists of two identical RFID tag for UHF band (915 MHz) but a sensing component is integrated with one of the RFID tag. The two tags return their unique IDs at the same frequency when they are illuminated by a reader because their resonant frequencies are the same. However the resonant frequency of the antenna with a sensor is shifted to the low frequency when the sensor is loaded by human finger or water. Using an one tag as a reference, the presence of the sensing target can be easily detected. In the same way, water level can be detected because the capacitance of the sensor (Fig 1) affect on the resonant frequency of the RFID-enabled sensor. The meta-material inspired resonator cell is integrated to the tag in order to suppress the cross talk of the two tags. The sensor is a meander line which has self-resonant frequency around 915 MHz. Once a material with high capacitance or inductance meet the meandered line, the capacitance of the sensor changes which results in shifting of the resonant frequency of the tag. and RF powered RFID tags It is well known that one of the major packaging challenges of RF/Wireless sensors is their efficient and "rugged" integration with various power sources. In this section, various wireless delivery platforms to convey the sensed data are presented. Power considerations play an important role for logistical and environmental reasons. Increasing the operating lifetime and wireless range of such sensors require careful co-design of the wireless front end, including the antenna, embedded technology and its power interface. In this section, the authors present an active paperbased RFID tag for wireless temperature sensor platforms utilizing both battery and energy harvesting techniques to carry out sensing function over long ranges and lifespan. To investigate the feasibility of paper as a high frequency substrate for battery powered active RFID application, a microcontroller enabled wireless sensor module was realized on a photo-paper-based substrate. The system-level diagram of this wireless transmitter is shown in Fig. 2 below [3] . The microcontroller unit in the system samples the output of an analog sensor (in this case a temperature sensor), and encodes its digital form with the help of an integrated analog to digital converter. As a final step the MCU modulates the power amplifier (PA) in the integrated transmitter module in the same sequence as the bit encoded digital sensor data, thereby transmitting an Amplitude Shift Key (ASK) modulated signal out from the antenna. The transmission frequency of 904.4 MHz was generated using a crystal oscillator tied to the input of the Phase Locked Loop (PLL) unit of the transmitter. The data transmission was to be carried out at the unlicensed UHF frequencies around 900 MHz. In order to maximize the range of the wireless sensor, the integrated PA was characterized using a mechanical load pull system in order to determine its optimum impedance at which the longest possible range for a fixed battery powered supply can be achieved. This optimum impedance looking out of the PA was determined at 3 different frequencies within the RFID bandwidth for the US and Europe. The center frequency impedance of about 60-j74 ohms was used to conjugately match the antenna to ensure maximum power transfer. A half wavelength dipole was chosen as the antenna structure for the wireless sensor module due to its radiation resistance of 75 ohms, which is close to the real part of the optimum load impedance (ZL-opt) as seen looking out from the PA at 904.4 MHz. To ensure an accurate impedance match, the antenna was optimized so that the impedance looking out of the PA would be close to its optimum value (ZL-opt) at 904.4 MHz (60.1-j73.51 ohms) with the sensor module circuitry connected within the space between the antenna arms. The antenna was printed as a folded dipole on a single layer of a paper substrate with its arms bent around the active sensor circuitry to make the wireless sensor module compact in size. The proposed circuits for the wireless sensor module, including the antennas and circuit layouts, were designed and simulated using Ansoft's High Frequency EM structure simulation (HFSS) software, and printed onto the paper based substrate using fabricated using the Dimatix DMP-2800 inkjet printer. To ensure maximum conductivity and antenna efficiency, the entire circuit was printed with 12 layers of conductive silver ink, resulting in a conductor thickness of 12 microns. The high precision inkjet cartridge spraying 1pL droplets was used to print finer areas in the circuit layout such as the IC traces and the PA interface to the antenna (~150 microns). A 10 pL cartridge was used to print the larger areas on the antenna and the RF ground planes/traces in the circuit layout to further increase conductivity. This was done to minimize the gap between adjacently sprayed silver particles enabling a larger overlap during the annealing process and ensuring better conductivity of the printed structure as shown previously to its maximum achievable range (between 0.4~2.5x107 S/m). The discrete IC components were mounted on the inkjet printed circuit layout using the 2-step process shown in Fig. 6 . The complete device is shown in Fig. 14. To evaluate its performance, wireless link measurements were carried out using a Tektronics RSA 30408A real time spectrum analyzer (RTSA) connected to a UHF RFID reader antenna as an RFID reader. The wireless signal emitted by the RFID sensor tag as captured by the RSA is shown in Fig. 15 below. A minimal shift of only 0.2 MHz was observed from the intended center frequency, showcasing the minimum parasitic introduced by the inkjet printed traces. A measured wireless power of -48.1 dBm was obtained at a distance of 4.26 meters, which would yield a maximum range of 142 and 175 meters with a conventional RFID receiver, depending on their relative location. The ASK modulated sensor information sent out by the module at different temperatures as measured by the RTSA is shown in Fig. 16 . The transmitted sensor data shows good agreement with the measurements carried out with the digital infrared thermometer which has an accuracy of ±2.5 C; thereby providing proof of the feasibility of applying inkjet printing technology towards RF based sensing platforms in the UHF range.
C. Sensor Platform: SenSprout
Recently, a low cost inkjet-printed sensor platform for agricultural application was proposed in [7] . The proposed sensor platform optimized to detect humidity, water contents in the soil and rain fall because the irrigation is one of the most important factor in recent agriculture. It is consists of leaf sensor, soil moisture sensor, microcontroller and antenna. The capacitance of the leaf sensor and soil moisture sensor varies depending on the humidity and water contents of the soil or near environment of the sensor platform. The microcontroller can detect the capacitance variation of the leaf sensor as well as the soil moisture sensor. The microcontroller, while it can process the collected data from the sensor, and broadcast the information through the antenna. The antenna and microcontroller also can be utilized to collect ambient power in order to reduce the battery usage or power up the microcontroller. Unlike the conventional sensors, whole passive components are inkjet printed on environmentally friendly paper substrate. Plus, dense monitoring of soil moisture and detect rainfall over the vast agricultural field is possible due to low fabrication cost. Fig 3 shows the implementation of proposed sensor platform. The soil moisture sensor is buried in the ground to detect surface soil moisture and the leaf sensor, the microcontroller and the antenna are exposed to outdoor. The exposed components can be chemically coated such as silicon and parylene in order to protect and extend the lifetime the sensor platform.
IV. AMBIENT ENERGY HARVESTING FOR "ZERO-POWER" IOT NODES
The WISP tag is an excellent universal sensing platform as nearly any sensor can be read as long as correct interface circuitry is used. Several other sensors using the WISP platform have already been demonstrated in the literature including strain and temperature sensors. However, because of the high power requirements of the WISP tag, the read range is limited to approximately 3 meters due to FCC limits on transmit power from the reader which is used to power the WISP tag.
For long-range sensing IoT applications where path losses are too high to use backscatter-based interrogation by a reader, the battery-less embedded wireless energy harvesting platform (E-WEHP) has been proposed by Vyas et al. [8] . The foundation of the E-WEHP platform is energy-harvesting based sensing with a system level defined as follows. On one side, the platform is designed to efficiently harvest energy from ambient RF power. The harvested energy is then used to power a common sensing interface much like the WISP that can digitize and record sensor data. On the other side, there is a transmitter which is used to transmit the sensor data to remote receivers utilizing nearly any RF protocol of choice. This platform essentially switches the energy harvesting mechanism of the common IoT node platforms from an interrogation signal, to ambient energy sources to allow for much longer range operation.
A listing of typical energy harvesting sources is displayed in Table I . Each energy harvesting source has advantages and limitations that make its usage largely dependent on the environmental conditions and sensor power load requirements.
Ambient/environmental mechanical motion is typically harvested using piezo transducers which are frequencydependent, and typically harvest in to 50-200 Hz range. However, mechanical energy in this frequency range is typically only available on moving objects, or in environments where machinery is operating. Thermal energy harvesting requires high temperature gradients across a thermopile to induce the thermoelectric effect. While this harvesting technique is useful in large grid-server applications where hundred degree gradients are present, standard use areas for IoT and sensing nodes do not have high temperature gradients and therefore will not produce useful amounts of energy.
Solar is currently the most popular harvesting technique as it works indoors and outdoors as long as there is a line-of-sight light source. Ambient RF power is a relatively new energy harvesting source which gained its popularity from being used to power RFID tags via an RF power-sourcing RFID reader. Even without a power source such as a reader, there are still a wide variety of sources that produce RF energy including TV towers, cellular stations, WiFi routers, and kitchen microwave ovens. Even though mechanical, thermal, and solar energy typically have much higher energy densities than ambient RF energy, ambient is a much more pervasive and constant energy source which can penetrate walls, thin metal, product packaging, and can be harvested from several miles from the energy source.
The average RF energy density in a metropolitan area is displayed in Fig. 3 . In this case, the RF snapshot is taken in the middle of the city of Tokyo, Japan. From the spectrum, high energy densities in the FM, and digital TV spectrums are present. While the E-field level of digital TV signal is approximately 0.4 V/m which translates to a single tone carrier power of approximately -35 dBm which is not a sufficiently high enough energy level to efficiently harvest, the integral of the power over the 500-800 MHz range is approximately -10 to 0 dBm -nearly 1 mW. By exploiting the wideband nature of the digital TV modulation scheme which has a very spectrally efficient broadcast, large amounts of RF energy can be harvested. Furthermore, as current microprocessors can operate in sleep mode at power levels below 50 nW, the ambient RF energy is more than enough to power the microprocessors, ADCs, and low-power transmitters which compose the E-WEHP.
And, while the RF density from TV signals will be lower indoors due to path fading through walls, other sources such as kitchen microwave ovens and WiFi routers emit high levels of RF energy which the E-WEHP system can switch over to. A microwave oven contains a magnetron that produces microwave power of between 500-1000 W in home microwave ovens and 1500-3000 W in commercial microwave ovens.
Most magnetrons in microwave ovens emit electromagnetic energy in the 2.45 GHz range. A spectrum measurement taken several feet away from a residential grade microwave oven is displayed in Fig.4 . Power levels as high as 0 dBm or 1mW are obtainable.
With the addition of WiFi routers, cell phones, and cordless phone systems, several mW can be harvested continuously. The E-WEHP platform is displayed in Fig. 5 . It consists of an RF antenna which can be tuned to capture power in the digital TV (400 -800 MHz) band, or microwave oven 2.4 GHz band, a multi-stage charge pump to convert RF to the required DC voltage, a power management unit (PMU) which monitors the energy level stored in the charge tank, a microprocessor (MCU) which reads and stores sensor data, and a transmitter which relays the stored sensor information. Fig.6 shows the E-WEHP in operation harvesting energy from digital TV signals 6.3 km away from the nearest TV tower and turning on the MCU to perform sensing and communication functions. When the system is first connected, the antenna begins pulling in ambient RF energy and converting it to DC energy which is stored in the charge tank. As the voltage builds up on the charge tank, the PMU monitors the voltage and charging rate to determine when the MCU and transmitter can be turned on, and what period of operation and duty cycle can be sustained at the current RF harvesting rate. Once enough charge is stored in the tank, the MCU wakes from sleep mode and performs the required functions which causes the voltage of the charge tank to drop. Once the voltage reaches a lower threshold, the MCU goes back into sleep mode and the cycle repeats. If the energy being pulled into the system changes due to sensor movement, or a power level change at the source, the E-WEHP detects this change using minimal processing power, and adjusts the duty cycle to compensate. The E-WEHP is a next-generation autonomous sensor platform which can harvest its own energy and transmit digitized sensor data either indoors, or outdoors at distances of over 6 km from the nearest TV towers. The platform shows promising results for enabling battery-less pervasive and universal wireless node for IoT networks. The platform can be used for monitoring and increasing cognitive intelligence in disaster areas, populated cities, and urban agricultural environments.
V. INKJET PRINTED 3D IOT NODE WITH EMBEDDED POWER MANAGEMENT CORE
Energy Harvesting Structures, such as the one presented in the previous section, as well as communication electronics and possibly batteries need to be seamlessly embedded in typical 3D wireless IoT nodes. Additive manufacturing techniques, such as inkjet printing, have allowed for the first ever demonstration of such structures that feature omnidirectional radiation performance for arbitrary placement and readability with a very low cost and high scalability. Hereby, we introduce an inkjet-printed topology for near-isotropic IoT wireless nodes (Fig.7) . A 3D conformal artificial magnetic conductor (AMC) is printed in order to allow for an isolated metal core for embedded hardware while maintaining an almost uniform gain (gain variance less than 3dB) in all directions. The choice of poly-(methyl methacrylate) (PMMA) as the substrate material allows the topology to be rigid while still remaining low cost (Fig.8) . Fig.7 Step-by-step fabrication of a 3D inkjet-printed IoT wireless node with an embedded core Fig.8 Picture of the IoT node prototype VI. CONCLUSION This paper has presented the dramatic impact of additive manufacturing techniques, such as inkjet printing, as well as of ambient energy harvesting to the realization of scalable lowcost "zero-power" IoT topologies. Various 2D and 3D integrated inkjet-printed wireless sensor and power management nodes have been discussed in terms of rugedness, readability, power autonomy and flexibility in a variety of conformal substrates, such as paper, organics and plastics. The presented topologies could potentially set the foundation for the truly convergent batteryless wireless Internet-of-Things networks of the future with enhanced cognitive intelligence and truly autonomous and eco-friendly operability.
